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Abstract

Introduction

The interaction between endothelial cells
(EC) and polymers has become relevant to medicine
improve
the
as
a result of attempts to
biocompat i bility of vascular prostheses. I n man,
endothelialization is minimal, so that vascular
surgeons have attempted to pre-seed vascular
grafts with autologous EC. The poor results of EC
seeding of commonly used materials for vascular
grafts, such as expanded polytetrafluoroethylene
(ePTFE) or woven polyester (Dacron) has led to
attempts to modify the surface of these and other
polymers. Three principal modification techniques
have been employed : 1. adsorption of bioactive
molecules from applied solutions.
Examples are
fibronectin,
collagen types I and
IV
and
fibrin-containing
mixtures.
2.
Formation of
reactive groups. This includes carbon coating,
plasma discharge and hydrolytic etching.
We
describe new experiments, using radiation induced
grafting (RIG) techniques, with which polymers
such as polyamide, polyethylene and ePTFE were
surface modified to
form
electroneutral or
positively or negatively charged groups. Scanning
electron microscopy (SEM) following in vitro
seeding of these modified polymers with both
bovine and adult human EC showed that such
techniques can be successfully applied to make an
unreceptive polymer surface able to promote EC
adhesion, spreading and growth.
The numerous
permutations available for RIG offer a promising
method to improve vascular graft surfaces for EC
seeding. Such modification techniques are readily
applicable to industry. 3. Covalent coupling of
bioactive molecules.
Techniques
have
been
developed to allow proteins or oligopeptides to
be covalently coupled via bifunctional spacer
molecules on to polymer surfaces.

As a result of our inability to control
the various factors involved in the pathogenesis
of atherosclerosis, vascular surgica l procedures
have become
unavoidable,
especially in the
advanced stages of this disease . Of particular
urgency is the imminent rupture of an aortic
aneurysm.
A major component of this surg i cal
activity is the use of vascular prostheses,
usually made of expanded polytetrafluorethylene
(ePTFE) or woven polyester (eg. Dacron). The
application of these graft materials in the large
calibre vessel with high flow and low resistance
characteristics, eg . aorto-iliac region of the
arterial tree, has proven to be clinically very
acceptable . Ca l low (1987) has reported a patency
rate for Dacron grafts at 10 years of 99%, if
implanted in the aorto-iliac region. The outlook
for vascular grafts, whether Dacron or ePTFE,
used in more peripheral locations is much less
optimistic, with patency rates falling rapidly
the
more distal the implant (Esquivel
and
Blaisdell, 1986; Jarrell et al., 1987). Thus, the
2-year patency for ePTFE bypasses to below-knee
locations was of the order of 48% (Gupta and
Veith, 1980).
The use of small calibre (4 mm)
ePTFE grafts in aorta-coronary bypass surgery has
also shown rapid occlusion of anastomoses (Chard
et a 1., 1987).
Morphological studies on explanted grafts in
man have made it evident that the internal lining
or 11 neointima 11 of these vascular prostheses does
endothelial
cells, except for
not contain
segments approximately 10 mm adjacent to the
anastomoses (Berger et al., 1972; Sauvage et al.,
1974).
Instead, various proteins, including
fibrin, accompanied by deposited platelets form
the interface between the prosthesis and the
circulating blood, thus providing an excellent
medium for the development of further fibrin
deposition and platelet aggregation, leading to
thrombosis (Esquivel and Blaidsell, 1986).
The concept of pre-seeding such prostheses
with endothelial cells (EC) was based on the fact
that EC form the natural lining of blood vessels.
In the past decade, knowledge of the anti-thromactivity of
the endothelium has
bogenic
accumulated, confirming the validity of such a
concept. Examples of this are the EC production
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of prostacyclin (Weksler et al., 1977; Eldor et
al., 1983), antithrombin III (Chan and Chan,
1979),
plasminogen
activator
(Levin
and
Loskutoff,
1982;
Gross
et
al.,
1982),
thrombomodulin and heparan sulphates (Stern et
al., 1986; Jaffe, 1987; Fajardo, 1989).
In this paper we shall present the status
quo on EC pre-seeding of polymers and review the
current approaches adopted to modify the inner
surface
of vascular prostheses
to
improve
pre-seeding efficacy.
The latter part of this
paper presents our recent experiments on surface
modifications using radiation-induced grafting to
improve EC growth on polymers. Scanning electron
microscopy (SEM) was used to monitor and compare
the success of the modification procedures.

grafts as well as reversed saphenous vein grafts
in man, Fasol et al. (1989) used SEM and clinical
chemical
analyses
to
investigate
platelet
parameters.
After 1 year, both seeded
and
unseeded prostheses showed a significantly higher
incidence of activated platelets
than
the
saphenous vein grafts.
In addition, the plasma
level of the alpha-granular substances, platelet
factor IV and B-thromboglobulin, did not differ
significantly
between
seeded
and
unseeded
prostheses. This study indicates that EC seeding
fails to reduce platelet trauma by the vascular
prostheses after 1 year in situ. Other reports
claim reduced platelet deposition of
seeded
vascular grafts studied up to 6 months in humans
(Oertenwall et al., 1987; 1989).
Further representative papers from this expanding
literature will be quoted
in
the
following sections. Our study of this developing
field has highlighted two principal observations.
First, the biological
response to implanted
unseeded vascular prostheses in Homo sapiens
appears to be unique, in that these prostheses
show only negligible endothelialization (Berger
et al., 1972; Cal low, 1987).
The anastomotic
region of from 5 - 10 mm does contain EC.
Nevertheless, EC are conspicuously absent from
the remaining inner surface of the graft. A rare
exception in a knitted Dacron graft has been
reported (Sauvage et al., 1975). By comparison,
the current animal models in use, such as the dog
and even a related primate, the baboon, all show
endothelialization of
unseeded
grafts after
several weeks to months (Sauvage et al., 1974;
Oil ley et al., 1979; Clagett et al., 1982;
Herring et al., 1984b; Keough et al., 1984;
Mathisen et al., 1986; Hasegawa et al., 1987).
For example, in the baboon (Papio cynocephalus)
it has been shown that porous ePTFE grafts with
60 µm internodal distance become endothelialized
via capillary ingrowth within 4 weeks (Clowes et
al., 1986). This important biological difference
between man and other species has not been
emphasized enough in the literature, careful
study of some of the papers often being required
to become aware of its existence. However, this
poses a significant problem for the in vivo
testing of polymer modifications to promote EC
growth. A further difficulty is found in the more
complicated growth requirements for human EC,
compared with bovine or canine EC (Kent et al.,
1989).
Furthermore, it is worthy of note that not
all publications on EC seeding even in the dog
agree on the success of seeding.
Recently,
(1989) interposed seeded 6 mm
Hussain et al.
ePTFE grafts in the dog. The bilateral end-toside aorta-iliac grafts were unilaterally seeded.
4 weeks post-implantation, SEM showed that midgraft areas of
seeded
and unseeded grafts
contained 39% and 36% EC coverage respectively,
that is, no significant difference.
This paper
raised
the interesting hypothesis that
the
seeding process may be effective by stimulation
of host EC growth.
The second point concerns the discrepancy
between the high degree of sophistication reached
surgical
in
the implementation of vascular
procedures, such as pre-seeding regimes ~lready

Historical Development of Endothelial Cell PreSeeding on Polymers
The ability to reproducibly isolate viable
EC, as demonstrated by Jaffe et al. (1973), has
been, and indeed remains, the pre-requisite for
successful pre-seeding regimes.
Based on the
pre-clotting of vascular prostheses, accompanied
by heparin treatment, as developed by Yates et
al. (1978), Herring et al. (1978) performed their
first successful seeding experiments in dogs in
which the infrarenal aorta was replaced
by
knitted Dacron
grafts.
After 8 weeks the
clot-free surface was 76% and 22% for seeded and
unseeded grafts respectively. The interrelationship between heparin and growth factors for EC
was later shown to be essential to optimal growth
of endothelium in vitro (Thornton et al., 1983).
As the dog was found to be a convenient
experimental model, much of the early seeding
work was performed using EC derived enzymatically
from canine veins. EC were identified by their
expression of factor VIII related antigen (Dilley
et al., 1979; Herring et al., 1979) and were
found to seed not only on Dacron grafts (Graham
et al., 1980), but also on ePTFE grafts (Graham
et al., 1982). Graham et al. (1930) showed that
seeded Dacron grafts (6 mm) contained more than
80% luminal coverage with EC after 28 days of
implantation. In their studies on ePTFE, Graham
et al. (1982) used EC cultivated for 14 days
prior
to seeding.
Subsequent
implantation
revealed average coverage of 91% at 4 weeks, as
assessed by SEM.
Further investigations indicated that EC
seeding of vascular prostheses improved patency
in the presence of anti-platelet agents (Stanley
et
al.,
1982), promoted platelet
survival
(Sharefkin et al., 1982) and reduced platelet
adhesion to the prostheses (Allen et al., 1984).
At this time a preliminary clinical trial of
graft seeding in humans gave little cause for
optimism (Herring et al., 1984a).
In fact,
smokers with seeded grafts had a reduced patency
rate compared with unseeded.
Since 1984 the literature on pre-seeding
regimes and their application to animal models
and the human situation has increased rapidly. EC
seeding has been shown to improve graft patency
in small diameter prostheses in dogs (Shindo et
al., 1987; Boyd et al., 1988).
In a one-year
follow-up study of seeded and non-seeded ePTFE
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Other investigations have dealt with the
effects of collagens, laminin and combinations of
BM components and even complete extracellular
matrix of EC (Nichols et al., 1981). For example,
Jarrell et al. (1986a) seeded radiolabelled human
iliac vein EC onto untreated Dacron and described
firm adherence of 70% of the EC after 2h. The
same level of adherence was achieved, however, in
30 min, if the Dacron was pretreated with a
combination of collagen types I and III with an
amnion-derived
BM
preparation,
containing
collagen type IV. Anderson et al. (1987) studied
EC adhesion to PTFE, using a 45 min attachment
protocol. In this study, fibronectin and collagen
type I, alone or in combination, increased EC
adhesion, while gelatin and laminin did not.
A detailed in vitro study by Kaehler et al.
(1989) described adhesion and spreading (measured
by SEM) of human umbilical vein EC (HUVEC) on 6
mm ePTFE grafts
coated with a variety of
substrata, alone or in combination. After 60 min
of seeding, the best adhesion was observed with
collagen I (with 5% collagen III), post-coated
with fibronectin or laminin. This was much higher
than on fibronectin or laminin alone or collagen
I, post-coated with collagen IV followed by
lamin~n or fibronectin.
In this study trypsinEDTA was used to prepare the EC suspension prior
to the adhesion experiments. The damaging effect
of trypsin on cellular membrane phospholipids had
been shown by Kirkpatrick et al. (1985) to be
much higher than that caused by collagenase. The
latter is therefore a much more suitable enzyme
for adhesion experiments. Recently, Leseche et
al. (1989) showed that EC isolated from stripped
varicose veins could be isolated in sufficient
numbers
and
successfully
seeded
on
to
fibronectin-coated PTFE grafts (4 mm).
Using ePTFE and Dacron grafts of 4 mm diameter, Schneider et al.
(1988) precoated the
inner surface with bovine dermal collagen type I
prior to EC seeding using HUVEC.
Confluent
monolayers as assessed by SEM were achieved after
2 h of incubation in an in vitro perfusion system
at 15 ml/min. Experiments using higher flow rates
showed that shear stress caused by 1 h perfusion
at 200 ml/min gave 83% and 76% retention of EC on
Dacron and ePTFE respectively.
Using 4 mm polyester elastomer (Hytrel)
prostheses Greisler et al. (1989) performed in
vitro perfusion tests on canine EC-seeded grafts
which had been pre-treated with fibronectin.
Whilst some EC loss occurred, especially during
the first 15 min. 90% EC adherence was observed
at 2h, even under
perfusion
conditions of
pressure of 200/100 mm Hg, mean flow of 195
ml/min and a resulting shear rate of 520/sec. EC
had been labelled with indium-111. Unfortunately,
no data were presented for non fibronectin-coated
grafts. Earlier work by Rosenman et al.
(1985)
using canine EC seeding of 4 mm ePTFE grafts
without pretreatment with fibronectin showed that
seeding
efficiency was
only
20%.
After
interposition in the carotid arterial system 30%
of these adherent EC were lost in the first 30
min.
After 24h only about 15% of the initially
adherent EC were still present on the graft.
Various
studies indicate
that
shear-stress
resistance by EC monolayers depends on a smooth

being used in humans, and the relative poverty of
advances in biomaterial improvement. This is not
to
detract from the expertise of clinical
colleagues concerned about improving the wellbeing of their patients. The intense activity in
vascular surgery has, however, not been matched
by similar effort in the development of more
suitable basic materials for EC seeding. As early
as 1978 Eskin and coworkers had pointed out that
EC growth on untreated Dacron fabrics depended on
the surface configuration, with tightly knit
configurations supporting EC growth, compared
with the poor performance of loose knits and
velours (Eskin et al., 1978).
Recent developments in pre-seeding procedures during the last five years have been well
presented by Williams et al. (1990), who also
placed particular emphasis on the ultrastructural
aspects
of EC interactions
with
synthetic
polymers.
Polymer Modification Methods
It soon became apparent to those attempting to use Dacron and ePTFE as materials for EC
seeding that some form of substratum modification
was required to improve EC adhesion and growth.
This endeavour has
involved three principal
modification methods : adsorption of bioactive
molecules, formation of reactive groups and the
covalent coupling of bioactive molecules.
I. Adsorption of Bioactive Molecules
Endothelial cells have been the subject
of intensive in vitro study since 1973, when
Jaffe et al. published the now classical culture
technique following col lagenase treatment. As a
result,
our
understanding
of
EC
growth
requirements and behaviour on tissue culture
polystyrene (TCP) has advanced and provided a
rich source of information for EC seeding of
vascular prostheses.
It was, therefore, quite
natural that those who encountered the initial
problems of poor EC adhesion to Dacron and ePTFE
should apply some of the lessons learned from
basic cell biological studies on EC in vitro.
Basing their rationale on the very reasonable
assumption that EC in vivo grow well because they
interact with components of the basement membrane
(BM) underlying them, researchers began to use
various of these proteins/glycoproteins to treat
the luminal surface of the vascular prosthesis
prior to seeding and implantation.
The basic mechanism in this
modification
procedure is the simple molecular adsorption of a
bioactive molecule onto the inner surface of the
prosthesis.
Various studies have shown that
fibronectin pretreatment of vascular prostheses
enhances EC adhesion (Seeger and Klingman, 1985;
Hasson et al., 1986;
Kesler et al., 1986;
Ramalanjaona et al., 1986; Sentissi et al., 1986;
Kaehler et al., 1989). For example, the paper by
Seeger and Klingman (1985) reports that increased
adhesion of canine jugular vein EC was obtained
after 1 hr in fibronectin-coated ePTFE grafts
compared with uncoated grafts.
The majority of
studies
confirms this observation,
although
Lindblad et al.
(1987) failed to show that
exogenous fibronectin could improve the adhesion
of canine jugular vein EC to ePTFE.
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substratum, especially fibronectin-coated type
collagen matrices (Foxall et al., 1986; Shindo et
al., 1987). Fibronectin coating by itself appears
to be insufficient. Thus, Kadletz et al. (1987)
showed that almost complete cell loss resulted
after 24h of shear stress of fibronectin-coated
ePTFE grafts.
Platelets possess a high affinity for fibronectin (Plow and Ginsberg, 1981).
Fibronectin
coating of vascular grafts to enhance EC seeding
could therefore cause problems where the EC
monolayer is incomplete. Kempczinski et al. (1987)
addressed this question using fibronectin-coated
PTFE grafts in the dog and showed that although
platelet adhesion to fibronectin-coated grafts is
significantly higher than to non-coated grafts,
this effect can be abolished by administering
aspirin
and dipyridamole, both anti-platelet
agents.
Specialized "fibrin glues" have been developed to coat the internal surface of vascular
prostheses.
One such glue (lmmuno AG, Austria)
contains fibrinogen, human fibronectin, factor
VIII, plasminogen, aprotinin and thrombin (Zilla
et al., 1987). Zilla et al. (1987) performed in
vitro studies by seeding human adult saphenous
vein EC (HASVEC) on to PTFE grafts coated with
the fibrin glue alone or collagen I followed by
fibrin glue.
Shear
stress experiments were
performed in a mock circulatory loop for 24h and
48h. Fewer cells appeared to be lost during shear
stress, if the combined coating of collage n type
I and fibrin glue was used.
Following shear
stress
SEM
revealed
larger
gaps
between
individual EC on fibrin glue alone, whereas
transmission EM (TEM) showed that attachment
plaques and dense networks of microfilaments on
the luminal side of the EC were only present if
collagen I was combined with fibrin glue. The
first human clinical trials of this method were
disappointing, Fasol et al.
(1987) concluding
that autologous EC seeding seemed to result in
only islands of EC at the surface of the fibrin
glue-treated PTFE grafts after 3 months.
Jarrell et al. (1986b) have studied the
possibility of using human fat microvascular EC
as cell type for seeding of vascular grafts.
EC
were allowed to adhere for 1 h to Dacron which
had been pre-treated with human platelet-rich
plasma. When exposed for 2 h to shear stresses of
up to 80 dyne/sq cm, from 50% to 100% of cells
remained adherent.
In conclusion, we regard these seeding experiments using a variety of bioactive molecules
as a logical attempt to simulate the in vivo
state. Two major problems are however apparent.
First, in animal experiments the situation is
complicated by the fact that unseeded prostheses
will, with time, become endothelialized. Second,
in the human situation, only non-invasive methods
can be employed to
assess the efficacy of
seeding. A future perspective would be to expand
the in vitro testing methods using flow systems
to more adequately reproduce the dynamics of
blood flow over the seeded prostheses.
II. Formation of Functional and Reactive Groups
Techniques have been available for a considerable time to introduce functional or reactive
groups
to polymers to alter their
surface

properties. Three major classes are differentiated according to
their functionality: 1.
neutral groups, such as hydroxyl and
amide
groups; 2.
charged groups, such as carboxyl,
reactive
sulpho- and alkylamine groups and 3.
groups in the form of epoxy-, isocyanate or
activated ester groups (Mueller-Schulte, 1987b;
Mueller-Schulte and Horster, 1982a; Gombotz et
al., 1985).
The formation of functional and reactive
groups on the surface of a polymer can take many
forms, ranging from plasma polymerisation through
plasma etching to carbon coating and grafting of
hydrogels (Horbett et al., 1985; Lydon, 1986).
Although the number of theoretically possible
surface modifications is large, this technology
has received scant attention by those involved in
seeding of EC on to pol~ners.
The use of ultralow temperature isotropic
(ULT!) carbon to coat vascular grafts was shown
to lead to much increased patency in the canine
carotid artery model (Sharp et al., 1978; Debski
et al., 1982).
Basing their studies on the
possible facilitation of EC retention on carboncoated surfaces, Schmidt et al. (1987) seeded
canine external jugular vein EC on to ULT!
carbon-coated PTFE grafts.
Both uncoated and
coated PTFE were pretreated by 3 methods
culture medium without serum, autologous canine
serum, and fibronectin, each for 30 min. Seeding
then followed in serum-free medium for 30 min,
with further culture in complete medium for 24h.
After this time, cell coverage was estimated by
SEM.
Using medium pretreatment, only 5% of EC
were retained on the non carbon-coated graft,
compared with 37% on ULTI carbon-coated PTFE.
Serum and fibronectin pretreatment gave much
higher EC retention, with the ULTI carbon-coated
surfaces significantly higher than the uncoated
surfaces.
Pratt et al. (1989) used a plasma discharge
method (in an air atmosphere) to modify the
surface
of
polyethyleneterephthalate
(PET).
Surface analysis using
an ESCA spectrometer
revealed that whereas the unmodified PET showed
an oxygen:carbon ratio of 0.53 and no detectable
nitrogen, the modified PET showed values of 0.74
and 1.4% nitrogen respectively.
Human aortic EC
adhered better to the modified surface and showed
more resistance to shear stress applied in vitro
(rotating disc). This was particularly marked if
the modified PET was additionally coated with
fibronectin, compared with unmodified PET with
fibronectin coating, the adhesion in the former
situation being able to resist shear stresses of
90 dynes/sq cm.
Pratt and colleagues (1989)
discussed
the
possible
role
of a plasma
discharge-induced increase in protein adsorption
and even alteration of surface conformation of
the adsorbed protein.
Recently, van Wachem et al. (1989) published
a detailed
ultrastructural
study
of HUVEC
adhesion
and spreading to a hydrophobic PET
(contact angle, 65 degrees) and a moderately
wettable
tissue culture PET (TCPET; contact
angle, 44 degrees).
As
the latter was a
commercially available tissue culture plastic, it
was assumed, but not known, that the modification
involved glow discharge treatment. Adhesion of EC
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was estimated qualitatively using
TEM and
spreading by measurement of cell surface area
using SEM. Following seeding of 4x10e4 EC/sq cm
mean cell area on both PET and TCPET was similar
(approx. 1600 sq micron) during the first 30 min
of interaction. Thereafter, up to the 2h period
studied, cell spreading reached a plateau on
TCPET of 2200 sq micron, whereas on PET mean cell
area decreased to 1100 sq micron. Initial seeding
for 30 min in the absence of serum, followed by
serum exposure confirmed higher cell spreading on
the more wettable polymer surface (TCPET).
A
further interesting observation with respect to
vascular graft pre-seeding was the difference in
response of plasma- and blood treatment of the
substratum.
Thus, after 3 days in vitro the EC
formed a confluent monolayer on blood-, but not
on
plasma-pretreated PET or TCPET.
Plasma
pre-treatment led to an extensive fibrin network
which often caused cell entrapment.
Hydrogels have attracted attention as possible substrates for cell adhesion and growth
(Horbett et al., 1985; Lydon, 1986). McAuslan and
Johnson (1987) studied surface modifications of
hydrogels of poly (hydroxyethyl methacrylate,
polyHEMA) homopolymer, which without modification
do not support mammalian
cell adhesion and
growth.
Hydrolytic 11 etching 11 using sulphuric
acid, which created surface negatively charged
COOH groups, resulted in excellent attachment and
growth of a clonal line of bovine aortic EC. The
COOH groups were assumed to be present as part of
hydrolysis-induced methacrylic acid molecules.
This work has shed light on the molecular species
requirements for
EC
adhesion.
Studies on
polystyrene had indicated that surface OH groups
were essential for mammalian eel l attachment
(Curtis et al., 1983; 1986). This does not appear
to apply to the described hydrogels, which,
without surface modification, are hydroxyl group
rich (Ratner, 1984).
Furthermore, studies on
fibronectin-binding indicated that the increased
cell adhesion to the
sulphuric
acid-etched
hydrogels could not simply be explained by an
increased ability to bind fibronectin (McAuslan
and Johnson, 1987).
We view the attempts
to put functional
and reactive groups on the surface of polymers as
an important step forward in developing more
biocompatible
prostheses
for
pre-seeding
techniques.
Of particular significance are the
studies attempting to correlate specific chemical
alterations of the surface with cell biological
behaviour of
the
surface.
Glow discharge
treatment of tissue culture plastic is somewhat
difficult to assess, as significant details of
the method employed by industry are not generally
available.
Background
to Studies on
Radiation-Induced
Grafting (RIG)
Radiation-induced grafting (RIG) has found
wide application in polymer technology, including
improvement of biocompatibility (Cohn et al.,
1984; Jansen and Ellinghorst, 1985; Ratner et
al., 1987), biomolecule immobilization (MuellerSchulte and Horster, 1982b; Beddows et al., 1988)
and membrane technology (Ellinghorst et al.,
1983).
From a technical aspect, two methods are
principally employed - simultaneous grafting and

pre-irradiation
grafting.
In
the former,
substrate and monomer are irradiated simultaneously, whereas in the latter the substrate is
first irradiated, followed by reaction with the
monomer solution.
The simultaneous radiation
technique is the method of choice for biomedical
as it
is
generally
polymer modification,
independent of
the
substrate
geometry and
necessitates
relatively low radiation
doses
(Mueller-Schulte, 1987a, b).
We now present recent studies from our laboratory on the use of RIG to modify polymer
surfaces for EC seeding.
The efficacy of the
modifications was tested using isolated EC seeded
onto the modified polymers and then examined by
SEM to determine the extent of monolayer growth.
Materials and Methods
Synthetic Polymers and RIG Modification
The following synthetic polymers were used
in the experiments: ePTFE (Firma Gore, Munich); a
low density
polyethylene foil (0.924 g/cm3;
85 ,.um), polyamide-6 planar foils
thickness
(Ato-Chem, density 1.13 g/cm3; thickness 50 ,.um),
a polyurethane foil (Mitrathane R, Mitral Medical
Ltd., USA) and a new polyesterurethane containing
incorporated OH groups (kindly made available by
Dr.D.Klee, DWI, Aachen).
Further details about
the latter foil are not available at this time.
Prior to grafting the foils were washed with
methanol and acetone in an ultrasonic bath for 30
min and dried at room temperature. No structural
alterations were seen on SEM following this
treatment.
Grafting was conducted in a Cs(137) Gammacel 1-40 (Atomic Energy of Canada Ltd.) in air,
according to the method previously described
In brief,
(Mueller-Schulte,
1987a,b; 1990).
polyamide foils were incubated with solvent/
monomer mixtures
containing a)
27%
(v/v)
hydroxyethyl - methacrylate (HEMA), 0.3 - 2%
Nvinylpyrrolidone
(NVP),
5.5% formamide, 22%
tetrahydrofuran, 38% methanol and 5.5% water or
b) 28% 2-dimethyl-aminoethyl methacrylate, 1 2% NVP, 20% tetra-hydrofuran, 50% aqueous 0.005
M CuS04.
Poly-ethylene foils were grafted in
mixtures containing a) 30% glycidyl methacrylate,
5% NVP, 65% tetrahydrofuran or b) grafting with
HEMA/NVP as described for the polyamide foil. The
mixture used
for
grafting
onto ePTFE was
analogous to that used for polyamide with the
difference that 1,1,1-trichloroethane was used
instead of formamide. Radiation doses were either
0.16 or 0.24 Mrad.
The graft uptakes (weight
increase of original polymer) were in the range
of 5-20% for the HEMA/NVP, glycidyl methylacrylate/NVP and 2-dimethylaminoethyl
methacrylate
grafted samples, whereas the uptake by ePTFE lay
below 5%.
Prior
to the cell culture experiments
both untreated and modified polymers were cleaned
with absolute ethanol and attached to 12 mm
(diameter) glass coverslips using a biocompatible
tissue culture adhesive in foil form (Lohmann
GmbH, Neuwied) and gas sterilized using ethylene
To ensure
oxide for 45 min at 55 degrees C.
removal of any toxic gas components, the polymers
were placed in a vacuum incubator for 5 days.
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Figure 1.
a.
Glass control seeded 5 days prior to harvest with BCEC.
Note confluent monolayer,
consisting of flat, polygonal cells. b. Culture as in la. Here a subconfluent area at periphery to show
the typical polygonal morphology of the BCEC. c. BCEC, cultured for 5 days on native polyamide. Poor
growth. Most EC are in an unspread state. One cluster (lower left) shows a slight degree of spreading.
Bar = 100 micrometers. d. Confluent monolayer grown during 5 days on polyamide grafted with HEMA, NVP
content 0.5%. 0.16 Mrad. e. Confluent BCEC monolayer, comparable to la. and ld. Cells grown on polyamide
with grafted HEMA/NVP, NVP content 1%. 0.16Mrad. f. Confluent BCEC monolayer obtained on modified
polyamide containing positively-charged dimethylamino groups.
Grafting with 2-dimethylaminoethyl
methacrylate/NVP. NVP content 1.5%. 0.16 Mrad. Bar= 100 micrometers.
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030), giving coatings of between 30 and 80 nm,
the greater
thicknesses being used for the
rougher surfaces, such as ePTFE. The polyurethane
foils were coated with gold to a thickness of 10
20 nm using a vacuum evapouration apparatus
(Balzers, Type BAE 080T). Specimens were examined
in a Philips SEM 515 using a tilt angle of 45
degrees and electron energies of 20 KV.
Cell growth on the polymers was assessed
semi-quantitatively using a scale from 0 to 4+, 0
representing no growth, l+ poor growth and so on
up to 4+, representing excellent cell growth with
monolayer formation, as on the glass control
surface.

Polymer-covered coverslips were placed in 24-well
tissue culture multiwells (Falcon), each well
having a diameter of 16 mm.
EC Culture Technigues
.
Bovine cornea EC (BCEC) were isolated and
grown in primary culture according to the method
of Gospodarowicz et al. (1977). Briefly, bovine
eyes were cleaned in ethanol and non-traumatized
the periphery under
cornea were incised at
sterile
conditions
and dissected.
Careful
mechanical removal of the endothelium from the
inner corneal surface was achieved using
a
scalpel. Primary culture was performed in 35 mm
sterile
polystyrene
Petri
dishes
(Falcon)
containing Dulbecco's modified Eagle's medium
(DMEM; Gibco, Karlsruhe) with 10% fetal calf
serum (FCS; Boehringer, Mannheim), supplemented
with penicillin- streptomycin (Gibco; 80 U/ml and
80 µg/ml resp.) and L-glutamine (Gibco, final
concentration l.6mM) . The cultures were incubated
at 37 degrees C in an atmosphere of 5% Co2 in air
and the medium changed three times
weekly.
Confluent cultures were passaged using 0.25%
trypsin (Gibco) + 0.25% EDTA (Sigma, Munich) at a
splitting ratio of 1
3.
Cells were not used
beyond the third passage.
Human adult saphenous vein EC (HASVEC) were
isolated from intact sterile vein remnants from
coronary
bypass
operations.
Briefly,
vein
segments were cannulated and rinsed with HEPES
buffer, pH 7.55. EC were released using 0.1%
collagenase I (Worthington) for 15 min at 37
degrees C.
Isolated HASVEC were grown in primary and
secondary culture in a mixture of Ham's F-12 and
Iscoves medium (Gibco) in a ratio of 1 : 1 (V/V),
supplemented with antibiotics and L-glutamine as
detailed above, in addition to 20% pooled human
serum. Cultures also contained endothelial cell
growth
factor
(ECGF,
Boehringer)
at
a
concentration of 20 ,.ug/ml and heparin (Sigma) at
90 µg/ml. For HASVEC culture the tissue culture
flasks were coated overnight with 0.2% aqueous
gelatin (Serva).
Both BCEC and HASVEC were seeded into the
tissue culture multiwells at a plating density of
4 x 10e4 cells/well. Controls involved the use of
sterile glass coverslips without polymer coating,
glass being a good substratum for EC growth. In
experiments with BCEC medium change was performed
after 48 h.
On day 5 control cultures were
confluent and so the experiments were harvested
by rinsing cultures twice with Gey's balanced
salt solution (GBSS; Gibco) and fixing for 30 min
in 1.5% glutaraldehyde,
buffered with O.lM
phosphate. HASVEC cultures received medium change
after 24 h and a further 48 h. As for the BCEC
experiments, cultures were harvested on day 5, at
which time the glass controls were confluent.
Scanning Electron Microscopy (SEM)
Following fixation both BCEC and HASVEC
were dehydrated in an ascending series of ethanol
and air dried. A study of various preparative
methods, including critical point drying, showed
ethanol treatment with air drying to give the
best preservation of EC surface
morphology.
Specimens were mounted on aluminium stubs using
double-sided adhesive. Sputtering with gold was
achieved in a Balzers Sputtering Device (SCD

Results and Discussion
Fig. la shows that the glass control for
BCEC gave a completely confluent monolayer of
Cell
polygonal EC after 5 days in vitro.
boundaries are difficult to define. However, some
areas at the periphery of the cover slip did show
some EC in a subconfluent state, with clearly
outlined EC (Fig.
lb).
In addition to this
positive control we employed a negative control,
in this case unmodified polyamide (Fig. le),
which shows poor support of EC growth. Most cells
were rounded up with only a few giving evidence
of some degree of spreading. By contrast, RIG
treatment led to EC growth on a par with the
glass control, namely 4+ on a semiquantitative
scale (Fig. 1 d-f). Of interest is the finding
that an excellent promotion of EC growth was
achieved by a variety of modification methods,
OH
including the grafting of electroneutral
groups (Fig. 1 d and e), and positively charged
groups, in this case dimethylamino groups (Fig. 1

f).

In a further series of experiments hydroxyethylmethacryl ate (HEMA) and N-vinylpyrrolidone
(NVP) were grafted on to both polyamide and
polyethylene. In the native state both of these
polymers gave poor support of BCEC growth, as
seen in Fig. 1 c. By comparison with the glass
control (4+, Fig.
2 a), HEMA grafted groups
resulted in good EC growth promotion (3+) on
polyethylene (Fig. 2 b) and excellent growth on
polyamide (4+; Fig. 2 c). A further successful
the
grafting
of glycidyl
modification was
methacrylate/NVP on to polyethylene, followed by
an HCl treatment, which resulted in EC growth
promotion equivalent to that of the glass control
(Fig. 2 d).
Of particular interest to us with respect to
the modification of polymers used as vascular
grafts was ePTFE. Fig. 3 a & b show that under
our standard conditions of seeding in vitro
practically no BCEC growth was observed over the
5 day culture period. Only an occasional group of
EC was seen to have adhered and incompletely
spread. By contrast, grafting with HEMA/NVP led
to marked improvement of BCEC adhesion (Fig.
3c-f). Nevertheless, differences in performance
were evident. At lower NVP content, the adherent
EC did not adopt a spread state (Fig. 3 c and d).
At higher NVP content, adherent BCEC showed
excellent spreading (Fig. 3e and f).
Fig. 4 a & b shows that RIG modification of
polyamide surfaces supports not only BCEC growth
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Figure 2.
Glass control seeded for 5 days with BCEC. Confluent monolayer with intact EC.
Bar = 10
micrometers. b. Polyethylene foil, grafted with HEMA/NVP. NVP content 1%. 0.16 Mrad. Good promotion of
EC growth, giving a subconfluent monolayer (3+, compared with 4+ for glass control). Bar= 1 mm c.
Polyamide, grafted with HEMA/NVP. NVP content 2.5%. 0.16 Mrad. Confluent monolayer of BCEC, equivalent
to that of the glass control. Bar= 100 micrometers. d. Polyethylene foil, grafted with glycidyl
After grafting, the sample was hydrolysed in 3 N HCl
methacrylate/ NVP. NVP content 5%. 0.16 Mrad.
overnight to form vicinal OH groups. Formation of confluent monolayer of BCEC. Bar= 10 micrometers.

The modifications
but also that of HASVEC.
illustrated here made use
of HEMA/NVP with
different NVP content and resulted in HASVEC
growth of 4+, as for the glass control (Fig. 4c).
To further substantiate the efficacy of
included
a
our modification techniques we
polyetherurethane foil (Mitrathane), which is
also a candidate for vascular prosthesis use.
Compared with the glass control (Fig. 4 d), this
polyetherurethane performed poorly (Fig. 4 e),
with BCEC
tending
to
be confined to the
depressions on the foil surface. Fig. 4 f shows
the performance of the new polyesterurethane
which has had OH groups incorporated by an
additional chemical reaction during preparation
of the foil.
Our
experiments
with
radiation-induced
grafting (RIG) indicate that it is possible to
take a variety of synthetic polymers which in the
native (unmodified) state provide little or no
support for EC growth and use techniques easily

applied to industrial
processes
to provide
reactive groups which promote EC growth.
The
choice of RIG technique was based on our recently
developed technology for chromatography, haemoperfusion
and
biomolecule
immobilization
(Mueller-Schulte, 1987a,b).
This makes use of
copolymer grafting with the systems HEMA/NVP,
2-dimethylaminoethyl methacrylate/NVP and glycidyl methacrylate/NVP. The use of NVP as comonomer
helps adjust the hydroxyl group content.
Our
initial group of experiments indicates that
comonomer levels of between 0.1% and 5% in the
grafted layer provide good conditions for cell
seeding.
We regard this technology as very
promising for the modification of vascular graft
materials, as the permutations are numerous,
chemistry of the reaction
depending on the
mixture. It is interesting to note that electroneutral surfaces and positively charged surfaces
both promote the growth of an EC monolayer. This
is in keeping with the observations of McAuslan &
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Figure 3. a. Native ePTFE surface seeded for 5 days with BCEC. Low power view to show that the surface
contains hardly any EC. Bar= 100 micrometers. b.
Higher power view of a. to illustrate a small area
with one or two spread BCEC (left of centre). Bar= 10 micrometers. c. ePTFE grafted with HEMA/NVP. NVP
content 0.1%. 0.16 Mrad. Seeded areas were readily seen, although some showed principally rounded BCEC.
Bar = 10 micrometers . d. Case as in c. Adherent EC appear to be confined to the internodal ridges and
lack spreading. Bar = 10 micrometers. e. ePTFE grafted with HEMA/NVP. NVP content 0.5 %. 0.16 Mrad. Even
the low power view shows areas well covered with BCEC, considering the irregularities of the surface.
Bar = 100 micrometers .
f. Higher power view of surface treated as in e. Note the excellent spreading
of the EC, which bridge adjacent nodes. Bar = 10 micrometers.
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Figure 4. Polyamide, grafted with HEMA/NVP. NVP content 0.5%. 0.24 Mrad. A higher radiation dose was
tried to see if this had an influence on cell behaviour. 0.24 and 0.16 Mrad showed no significant
differences. Subsequent seeding for 5 days with HASVEC resulted in a complete monolayer. Bar= 100
micrometers. b. Polyamide, grafted with HEMA/NVP. NVP content 0.1%. 0.24 Mrad. 5 day seeding with HASVEC
gave an intact monolayer. Bar = 10 micrometers. c. HASVEC grown for 5 days on the glass control surface.
Excellent covering has been obtained in the absence of a gelatin or fibronectin coating.
Bar= 100
micrometers. d. BCEC grown on the glass control surface for 5 days. Excellent growth with complete
monolayer. Bar= 100 micrometers. e. Untreated Mitrathane, seeded for 5 days with BCEC. Compared with
the control (d) EC coverage is poor. Bar = 100 micrometers. f . Polyesterurethane containing OH groups
created during industrial preparation of the foil. Subsequent seeding for 5 days with BCEC gave a
complete monolayer. This contrasts markedly with a polyurethane lacking such groups (e). Bar= 100
micrometers.
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Johnson (1987) who performed hydrolytic etching
of
hydrogels.
Although speculative, it
is
probable that
regardless
of the neutral or
positively charged surface, an optimal adsorption
of proteins is facilitated, therefore permitting
good cell adhesion and growth.
The rationale of RIG is that reactive groups
are provided on the polymer surface to give a
rapid adhesion and spreading. This is the prerequisite for subsequent EC growth. The essential
aspect of this bond between EC and modified
polymer surface is that the EC layer be shear
stress resistant during the first hours after
initiation of blood flow through the graft. Use
is then made of the EC's own ability to produce
its basement membrane (Jaffe et al., 1976; Jaffe
and Mosher, 1978; Madri et al., 1980; Sage et
al., 1981; Schor et al., 1984; Keller et al.,
1987), secreted in a polar fashion, that is,
between the abluminal aspect of the cell and the
substratum surface, in this case the synthetic
polymer .
Work is in progress to determine which of
the growth-promoting surfaces offer the most
rapid adhesion and spreading. This i s be i ng
tested using SEM and an attached image analysis
system.
The next step involves the testing of
these seeded surfaces
in vitro under shear
stress, which is necessary to show the relevance
of the described surface modification for the
clinical s i tuation. Future work will address the
physico-chemical characterization of the modified
surfaces with the intention of correlating the
type and distribution etc.
of functional groups
on the surface with the degree of EC adhesion,
spreading and growth .
The performance of such
surface-modified vascular grafts will then be
tested in vivo in animal experiments.
III. Covalent Coupling of Bioactive Molecules
A third group of modifications of polymer
surfaces is based on the concept that EC seeding
of a polymer has the best chances of success if a
biological "signal molecule", such as a component
of the basement membrane (BM) is placed on the
polymer surface.
This is the same aim as the
modifications
described
in
group I, with an
important difference, namely that the BM component is covalentl bound to the polymer. Breuers
et al. 1987; 1988) described this elegant method
and used a polyetherurethane (PEU, Mitrathane) to
demonstrate
that the technology involved to
realize this aim is possible.
Briefly, plasma
polymerisation,
a well-established
grafting
procedure (Ratner, 1980; Yasuda and Gazicki,
1982), was employed to graft functional groups on
to the PEU surface.
This was achieved using a
vinylacetate plasma with subsequent saponification to give OH-groups on the polymer surface. A
bifunctional spacer molecule, in this case a
derivative,
was then covalently
benzoquinone
bonded at one end to the OH-groups, the other
reactive end of the
spacer
being used to
covalently bind a bioactive molecule. This has
been achieved for oligopeptides (Breuers, 1989)
and is thus equally applicable to any protein
molecule.
Much work is still required to ensure that
the biological activity of any coupled protein is
not altered. SEM was used to adjust the various

reaction times, especially the plasma polymerisation step, to give minimal change in polymer
surface morpho 1ogy ( Breuers et a1., 1988). At
present this modification procedure is being
tested to determine which permutations of the
individual steps in the modification, such as
density of functional groups, type and length of
bifunctional spacer molecule, are required to
give optimal EC adhesion, spreading and growth on
the modified polymer surface. For this purpose a
computer-based image analysis system for use in
the SEM has been devised to monitor EC behaviour.
Conclusion
In this review paper we have attempted to
present the state of the art of modification of
synthetic polymers to promote EC seeding of
vascular grafts. In particular, we have tried to
emphasize the discrepancy between the advances in
seeding practice in vascular surgery and the slow
progress in modifying vascular graft materials.
As well as presenting other efforts to improve
the latter, we have presented our own recent
experiments
on
radiation-induced
grafting,
coupled with in vitro EC seeding and screening by
SEM.
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Discussion with Reviewers
PTFE with pore sizes > 60
J.M.Schakenraad:
micron were found to be much more favourable for
seeding due to better mechanical anchorage of
seeded cells. What is the opinion of the authors
on the effect of mechanical retention of seeded
cells in contrast with the concept of improvement
of the physico-chemical surface characteristics
of a biomaterial ?
Authors: Regardless of the type of polymer we
used as growth substratum, we were unable to
detect any alteration in surface structure (using
SEM) after RIG modification. Nevertheless, cell
adhesion was markedly elevated. We conclude that
in our system the altered physical chemistry at
the surface is the essential factor in improving
cell adhesion. This does not however negate the
importance of surface morphology in retention of
seeded cells.
J.M.Schakenraad:
What is the nature of the
physicochemical surface alterations improving EC
retention ? Is it surface energy, surface charge,
offering new adhesion sites or a combination of
these factors ?
Authors: It is known from other publications
that RIG
modifications increase the surface
energy. The latter is known to be associated with
increased cell adhesion.
The role of surface
charge is less clear. We have employed RIG to
give both electroneutral and positively charged
surfaces, with promotion of cell adhesion in both
cases. It should be stressed that prior to cell
adhesion to any surface, an essential step is the
adsorption of proteins to the surface, which then
interact with integrins on the cell plasma
membrane to
permit
adhesion.
How protein
adsorption
is
altered
by our
surface
modifications remains to be studied.

using corneal E.C. since these cells are normally
not subject to shear stress ?
S.K.Williams:
The review
section
is
used
primarily to support the concept that endothelial
cell polymer interactions would be strengthened
if polymers were modified to stimulate cell
adherence. The major criticism of this section is
the use of cornea 1 endothe 1ia1 ce 11 s. I doubt
that corneal endothelium will be a clinically
significant source of endothelial cells for
vascular
graft seeding.
The authors should
provide evidence that data compiled using corneal
EC is comparable to vascular EC.
Authors: We have used bovine corneal EC (BCEC)
as the simplest endothelial model. Its validity
as a model for vascular EC has been shown by a
variety of authors . Sage et al. (Arteriosclerosis
1 (1981): 427-442)
showed
in
a detailed
analytical study that bovine endothelial cells
derived from the aorta, vena cava and cornea
excrete the same type of collagens into the
culture medium, and that aortic and corneal EC
showed collagen types III, IV and V associated
with the cell layer. They also described the
ability of these cell types to synthesize large
amounts of fibronectin, as well as a glycoprotein
similar to platelet thrombospondin.
Comparative
studies by Eldor et al. (J Cell Physiol 114
(1983):179-183) on the synthesis of arachidonic
acid products by bovine aortic and corneal EC
revealed a similar time-dependent pattern of
prostacyclin production in vitro, the highest
synthesis being reached in the post-confluent
state, that is, after a stable cell number had
been achieved. Moreover, the results presented in
Fig.4 indicate that our modified surfaces also
promote the growth of human adult saphenous vein
EC (HASVEC), indicating that both BCEC and HASVEC
respond in a similar way to the modified polymer
surfaces. We stress that the use of BCEC was as a
simple model of the endothelium as a starting
point before using HASVEC, and that we are in no
way suggesting that the cornea should be a source
of EC for seeding purposes.
Concerning the
comment that our cells were not subjected to
shear stress, we carried out our studies in
static culture as
a first
step prior to
rheological studies, which indeed have yet to be
performed.
G.Pasguinelli: What do the authors think about
the possibility that polymers modified by using
RIG could react with blood cells and proteins ?
Authors: This is an essential question for a
future clinical application. We hope to carry out
studies
to
delineate
the
role
of
RIG
modifications
in
platelet
adhesion.
This
phenomenon of blood cell interaction with the
polymer surface is of great importance, when we
consider that a seeded endothelium will always
lose some endothelial cells as a result of shear
stress.
Studies in experi- mental animals will
play an important role
in establishing how
capable the seeded endothelium is of repairing
defects.
B.D.Ratner and
S.Ertel:
Many authors
have
reported that neutral and charged hydrogels (bulk
and graft), unless modified by the incorporation

J.M.Schakenraad: What is the opinion of the
authors on the relevance of results obtained by
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of biomolecules, inhibit cell attachment and
growth. Here are a few references: PR Bergethon
et al. (J Cell Sci 92, 1989), S Hattori et al.
(J Colloid Interf Sc,-104, 1985), TA Horbett et
al. (J Colloid Interf""Sei 104, 1985) concluded
that poly-HEMA does not support cell growth, and
H Tanzawa et al. (in Goldberg and Nakajima,
Biomed- ical Polymers, Academic Press, 1980)
showed that poly-MMA-NVP doesn't support cell
growth. With so many authors reporting results
contrary to those presented here, I would like to
hear the authors' comments on what they are doing
that is different from anyone else ?
Authors: Basically the RIG technique adopted
here differs from other techniques by using a
co-grafting technique with a defined selection of
the comonomer content. In addition, grafting is

performed in different solvents, whereby one
solvent is selected in such a way that the
difference in the solubility parameters of the
substrate is minimal.
This ensures optimal
and hence efficient grafting.
The
swelling
co-grafting process is probably the reason for
t he successful cell attachment.
This process
leads to molecular chains that have a defined
hydroxyl group distribution, which would appear
to be essential for an appropriate interaction.
The physical structure of the grafted chains (eg.
coil parameters) could also contribute to this
interaction. The studies of Curtis et al. (1986)
significance
of an
optimal
underline
the
concentration of
hydroxyl
groups for cell
attachment.
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